In this work, we report our investigations on the synthesis of a [2]rotaxane based on a bis (calix[4]pyrrole) cyclic component and a 3,5-bis-amidepyridyl-N-oxide derivative axle. We isolated the [2]rotaxane in a significant 50% yield through an optimized "in situ" capping strategy using the copper(I)-catalyzed azide-alkyne cycloaddition reaction. The synthetic precursor of the [2]rotaxane, featuring [2] pseudorotaxane topology, could be quantitatively assembled in solution in the presence of one equivalent of tetrabutylammonium chloride or cyanate salts producing a four-particle aggregate.
Introduction
Anion recognition is an important and established eld in supramolecular chemistry owing to the fundamental role that negatively charged species play in chemical, biological and environmental processes. [1] [2] [3] Mechanically interlocked molecules such as rotaxanes or catenanes present unique threedimensional cavities for anion recognition that resemble the preorganized pocket of anion binding proteins in Nature.
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The use of anions as templates in the preparation of interlocked structures has been widely described 7 and is known to generate topologically unique cavities for anion recognition.
8-10
However, the majority of anion-template strategies for the assembly of interlocked structures combined strong ion-pairing of the linear axle with hydrogen bonding recognition of the anion by the macrocyclic component. [11] [12] [13] In 2012, we reported the use of polyatomic anions for the quantitative assembly of [2] pseudorotaxane-like architectures without involving ion-pairing in the linear component.
14 Our approach exploited the exceptional recognition properties exhibited by a neutral interwoven self-assembled receptor 1$2a towards ion-pairs ( Fig. 1 and Scheme 1). In chloroform, at millimolar concentration, an equimolar mixture of bis-calix [4] pyrrole macrocycle 1 and linear bis-amidepyridyl-N-oxide 2a produced the 1$2a receptor in a partial extent. 15 The linear axle threaded the cyclic component by establishing four convergent hydrogen bonds between the oxygen atom of 2a and the pyrrole NHs of one calix [4] pyrrole unit in 1 (Fig. 1) . Remarkably, the addition of 1 equiv. of certain polyatomic anions (A À ) as tetrabutylammonium salts ( + NBu 4 ) to the two-components' mixture induced the quantitative assembly of four-particle aggregates ANBu 4 31$2a with [2] pseudorotaxane-like topology (Scheme 1). The resulting complexes displayed a cyclic-component separated binding mode of the ion-pair. The anion was included in the polar cavity of the interwoven receptor in which six NHs converged (two from bound bis-amide and four from the opposing calix [4] pyrrole cap of the cyclic component). While the cation was located in the shallow, electron-rich cavity dened by the cone conformation of the calix [4] pyrrole, opposed to the bound anion. Almost coinciding with our report, Beer and co-workers 16 described the synthesis of neutral [2] rotaxanes that recognized halide anions in aqueous mixtures containing a bis-amidepyridyl-N-oxide axle derivative closely related to 2a. The employed strategy for the assembly and thermodynamic stabilization of the synthetic intermediate displaying pseudorotaxane topology was very similar to ours. They used a subsequent capping approach relying on the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction to produce the [2] rotaxane. The CuAAC has been extensively and successfully applied in the synthesis of mechanically interlocked molecules i.e. [2] rotaxanes.
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Inspired by these ndings, herein, we describe the synthesis of the neutral [2] rotaxane 5 (Scheme 2). The employed capping strategy was based on the CuAAC reaction mentioned above. Surprisingly to us, the use of anion templation was detrimental for the synthesis of 5. The absence of templating anions (i.e. Cl À , OCN À ) resulted in higher yields of the [2] rotaxane 5. We also report preliminary results obtained in the binding studies of the mechanically interlocked host 5 with a series of tetraalkylammonium salts containing hydrogen-bonding anions. In chloroform solution, [2] rotaxane 5 acted as a heteroditopic receptor of ion-pairs. 22, 23 It formed kinetically and thermodynamically highly stable 1 : 1 complexes. The ion-pair was bound in a cyclic-component separated binding mode. The binding affinity of the supramolecular host 5 for the ion-pairs was regulated by the nature of both the anion and the cation.
Results and discussion
The syntheses of the [2] rotaxane's molecular components (i.e. macrocycle 1, 14 linear component 2b and stopper 4, 24 Fig. 1 ) were performed by following or adapting synthetic procedures described in literature (see ESI † for experimental details). The selection of the tris(biphenyl) stopper 4 was not trivial and derived from multiple unsuccessful attempts to isolate the [2] rotaxane when using smaller terphenyl stoppers.
Previously, we reported that in chloroform solution macrotricycle 1 and N-oxide 2a formed a 1 : 1 complex with [2] pseudorotaxane topology (Scheme 1). At room temperature, the 1 H NMR spectrum of the equimolar mixture (1 mM) of 1 and 2a showed broadening beyond detection for some of the signals of the protons of the two binding partners. Based on 1 H NMR titrations we determined that the stability constant of the 1$2a complex was 800 M À1 at 298 K. 14 Taken together, these results indicate that at this concentration only around 30% of the binding partners are involved in the interwoven 1$2a or 1$2b complexes and that the equilibrium process is intermediate/fast on the proton chemical shi timescale.
[2]Rotaxane 5 was initially prepared by adding to the 1 mM equimolar mixture of 1 and 2b in dichloromethane solution, 2 equiv. of the alkyne-functionalized tris(biphenyl) stopper 4, 4 equiv. of diisopropyl ethyl amine (DIPEA), and a catalytic amount (5%) of [Cu(CH 3 CN) 4 ]PF 6 and tris(benzyltriazoylmethyl)amine (TBTA) (Scheme 2A, entry a from Table 1 ). The mixture was stirred at room temperature for 5 hours. [2] Rotaxane 5 was isolated as a white solid in 10% yield aer silica column chromatography purication of the crude reaction mixture using AcOEt/CH 2 Cl 2 30 : 70 as eluent. We also performed Diffusion Ordered Spectroscopy (DOSY) NMR experiments using a millimolar solution of 5 in CDCl 3 . Despite the size difference between the two molecular components of 5, the diffusion constant values calculated for the decay of the proton signals' intensities in any of them were identical. This result indicated that the two components were involved in the formation of the interlocked supramolecular species 5. The diffusion constant determined for 5 was 4.
Aiming at improving the yield of [2] rotaxane 5, we considered to undertake its synthesis in the presence of 1 equiv. of tetrabutylammonium cyanate 3a (OCNTBA) (Scheme 2B, entry b Table 1 ). We have showed that the addition of 1 equiv. of OCNTBA to a 1 mM equimolar mixture of 1 and 2a in CDCl 3 solution yielded the quantitative assembly of the 3a31$2a complex (K a $ 10 11 M À2 ) featuring [2] pseudorotaxane topology (Scheme 1). 14 This result highlighted the important role played by the ion-pair in templating and stabilizing the interwoven structure of the complex formed between 1 and 2a in solution. We expected that the concentration increase experienced by the synthetic intermediate with [2] pseudorotaxane topology (from 30% to almost 100% in the presence of an equimolar amount of 3a) could be translated in a signicant improvement of the isolated yield of [2] rotaxane 5.
Although we were aware of literature precedents alerting on the inhibitory effects of halides in CuAAC reaction rates in DMSO, 25 aqueous 26 and buffered systems, 27 we repeated the threading and CuAAC stoppering reactions in the presence of 1 equiv. of OCNTBA 3a. We sought to perform this reaction in a NMR tube with the goal of analyzing the initial assembly of the synthetic [2] pseudorotaxane precursor 3a31$2b in the presence of the catalytic system (5% TBTA and Cu(I) salt), as well as the evolution of the CuAAC reaction by 1 H NMR spectroscopy. We observed that the addition of the catalytic system to a 1 mM equimolar mixture of 1, 2b and OCNTBA 3a and 2 equiv. of the tris(biphenyl) stopper 4 had a negligible effect on the assembled 3a31$2b complex in chloroform solution. Five hours aer the addition of the Hünig's base (4 equiv.), the 1 H NMR spectrum of the reaction mixture revealed that the signal corresponding to terminal alkyne protons of 4 and the methylene protons alpha to unreacted azide groups in 2b were still visible. The analysis of the mixture at longer times evidenced that the reaction was not evolving any further. We obtained very similar results when we replaced the tetrabutylammonium cyanate salt by methyltrioctylammonium chloride 3d. These ndings suggested that the salts, used as templates for the assembly of the [2] pseudorotaxanes, had a signicant effect in the formation's rate of the mechanical bond.
In order to gain some insight on the effect played by the tetralkylammonium salts in the CuAAC reaction's rate we performed additional control experiments. First, we determined that the CuAAC reaction of diazide 2b with 2 equiv. of stopper 4 in CH 2 Cl 2 solution in the absence of macrocycle 1 was completed aer 3 hours. Conversely, the same reaction in the presence of 1 equiv. of ion-pairs OCNTBA 3a or ClMTOA 3d did not take place even aer a period of 24 hours. All together, these results supported that the presence of a great excess of tetralkylammonium salts of coordinating anions, like cyanate or chloride caused the inhibition and deactivation of the copper(I) catalytic system possibly by competing with the activation of the azide through coordination with the metal center. As mentioned above, the presence of the cyclic component 1 in the mixture of reactants 2b, 3a and 4 allowed the CuAAC reaction to evolve but to a partial extent. Most likely, in this latter case, the complexation of the ion-pair exerted by the self-assembled [2] pseudorotaxanes and the emerging [2] rotaxane signicantly reduced the amount of free anions (salt) in solution. Moreover, the isolation of [2] rotaxane 5 from the crude reaction mixtures obtained using the ion-pair template strategy was not exempt of complications. Surprisingly, the fractions isolated from the column chromatography purication of 5 consisted mainly of mixtures of the free receptor, free linear component and the ion-paired complex, 335. §{.
Considering the synthetic limitations encountered in the use of ion-pairs as templates for the synthesis of the mechanically interlocked receptor 5 (i.e. purication problems and catalyst deactivation), we explored alternative methodologies that could improve its isolated yield (entries c and d from Table 1 27%) . Doubling the stoichiometric ratio of reactants (2b and 4) with respect to the cyclic component (1) and using the latter at a concentration of 8 mM in order to assure the solubility of all compounds, allowed us to isolate the [2] rotaxane 5 in a signicant 50% yield. We used the catalytic system in a 5% load with respect to the concentration of the linear component and all reactions were completed in less than 5 hours. Most likely, the higher concentration attained for the [2] pseudorotaxane precursor in the more concentrated solutions was responsible for the observed increase in isolated yields of 5.
Next, we probed the interaction of [2]rotaxane 5 with anions in CDCl 3 solution by means of 1 H NMR titration experiments.
The addition of 0.5 equiv. of OCNTBA 3a to a millimolar solution of 5 (Fig. 2b) produced the observation of separate signals for the hydrogen atoms in the bound and free rotaxane indicating that the binding equilibrium was slow on the 1 H NMR timescale. When 1 equiv. of OCNTBA 3a was added (Fig. 2c) , only the signals corresponding to the protons in the bound rotaxane were detected. This observation supported the formation of a complex with 1 : 1 stoichiometry and an association constant larger than 10 4 M À1 .
In the 1 : 1 complex, all the proton signals related to 5 were sharp and well-dened suggesting that the putative pirouetting process of the axle component within the macrocycle was slow on the chemical shi timescale. The slow dynamics of this process was also evidenced by the observation of two separate and highly downeld shied proton signals corresponding to the pyrrole NHs of 1. This observation was in agreement with their involvement in hydrogen bonding interactions with two different acceptor moieties (i.e. one hemisphere binds the N-oxide unit of the axle and the other binds the cyanate anion). The b-pyrrole protons resonated as two sets of two signals in the range of 5.9 to 5.7 ppm. This nding also supported the existence of two chemically non-equivalent hemispheres in the resulting 1 : 1 complex. The amide protons (NH ppm. Finally, in the initial stage of the titration, the signal for the methylene protons alpha to the nitrogen atom of the TBA cation experienced an upeld shi with respect to the cation in the free OCNTBA salt, 3a. However, the incremental addition of 3a produced a gradual downeld shi of this signal, which became more evident when more than 1 equiv. of the salt was added. These observations supported the binding of the TBA cation in the electron-rich and shallow aromatic cavity opposed to the bound cyanate and dened by the calix [4] pyrrole core in cone conformation. In short, [2] rotaxane 5 acted as a heteroditopic receptor for the recognition of OCNTBA in CDCl 3 solution and the resulting 1 : 1 complex displayed a host-separated ion-pair binding geometry. Remarkably, the inspection of different exchange dynamics on the chemical shi timescale between free and bound 5 (slow) and between free and bound TBA cation (fast) was indicative of two dissimilar exchange mechanisms. Because the anion is included and hydrogen bonded in the polar cavity dened by the interlocked structure, the exchange between free and bound host requires the cleavage of multiple hydrogen bonds and a conformational reorganization. Both processes are typically associated with energetically demanding transition states. Conversely, the exchange between the free and bound TBA cation can occur without such strict energetic requirements owing to the exposed nature of its binding mode.
A 1 H-1 H ROESY experiment performed on a millimolar
CDCl 3 solution containing the quantitatively formed 3a35 complex revealed the presence of cross-peaks due to throughspace proximity between the H 1 ortho-protons of the pyridyl-N-oxide unit in the linear axle and the calix [4] pyrrole NHs, H e , of the cyclic component hemisphere that are hydrogen bonded (Fig. S25 †) . Other cross peaks due to through-space proximity were observed between the calix [4] pyrrole b-protons of the cyclic component's hemisphere to which the cyanate is hydrogen bonded, and the methylene protons alpha to the N atom of the TBA cation (NCH 2 TBA 0 , Fig. S26 †) . This observation is in complete agreement with the macrocycle-separated binding mode assigned to OCNTBA 3a in the 3a35 ion-paired complex. Altogether, the above ROESY spectroscopic observations provided additional support to the interlocked nature and binding mode assigned to the 3a35 complex. The results of a DOSY experiment allowed us to assign very similar diffusion constants for the signals of the bound receptor 5 and the ones corresponding to the bound TBA cation (Fig. S18 †) . This result also supported the formation of the ionpaired 3a35 complex in CDCl 3 solution. We determined the diffusion constant for 3a35 complex as 4.0 Â 10 À10 m 2 s À1 .
This value is slightly smaller than the one measured above for the free [2] rotaxane 5 (4.7 Â 10 À10 m 2 s
À1
) and it's in agreement with the gain in hydrodynamic radii for the 3a35 complex produced by the peripheral complexation of the TBA cation.
We also performed 1 H NMR titration experiments with 3b
(NO 3 TBA) and 3c (ClTBA) obtaining similar results ( Fig. S23 and S22, † respectively). In the case of the nitrate anion, at 298 K the chemical exchange between the free and bound [2] rotaxane 5 was intermediate on the chemical shi timescale producing broad bands for some of its proton signals. At low temperature (263 K) an equimolar mixture of 5 and NO 3 TBA 3b produced a single set of sharp proton signals that were indicative for the quantitative formation of the 3b35 complex (Fig. S28 †) . The accurate determination of the binding constant values for the ion-paired interlocked complexes 335 was undertaken using isothermal titration calorimetry (ITC) experiments. We performed the titration experiments at 298 K by the incremental addition of a chloroform solution containing the ion-pair (3a-c) to a solution of the rotaxane 5 in the same solvent. We observed a regular heat release upon salt addition that was caused by the exothermicity of the binding process.
All ITC experiments showed good ts to the theoretical binding isotherm for the formation of a 1 : 1 complex (Fig. S35 and S36 †).k Table 2 summarizes the results derived from the ITC experiments. The obtained results demonstrated the high selectivity exhibited by [2] rotaxane 5 in the complexation of the cyanate tetrabutylammonium salt 3a in front of the nitrate 3b or chloride 3c tetrabutylammonium counterparts (i.e. K 3a35 is almost 20-fold larger than K 3b35 and K 3c35 ).
Most likely, the observed differences derived from the better shape and size complementarity that existed between the cyanate anion and the polar three-dimensional cylindrical cavity contained in the [2] rotaxane topology of the heteroditopic receptor 5. Indeed, simple molecular modelling studies showed that the binding pocket of 5, featuring six convergent hydrogenbond donors, is highly complementary in shape and size to the cyanate anion (Fig. 3) .** The smaller and spherical chloride anion and the trigonal and planar nitrate are considerably worst ts to the cylindrical internal cavity of 5 equipped with six hydrogen bond donor sites.
We were interested in providing further evidence on the functioning of [2] rotaxane 5 as a heteroditopic receptor for ionpairs in chloroform solution. The methyl trioctylammonium cation (i.e. MTOA + ) is known to be a better t than the TBA cation for the electron rich and shallow cup dened by the calix [4] pyrroles in cone conformation. 28, 29 The stability constant measured for the 3d35 complex was three orders of magnitude larger than for the 3c35 counterpart with the only difference between the two complexes being the nature of the cation of the ion-pair: MTOA in 3d and TBA in 3c. This result proved the functioning of [2] rotaxane 5 as a heteroditopic receptor of organic ion-pairs in chloroform solution. The noticeable ) and values for the enthalpic (DH, kcal mol
) and entropic components (TDS, kcal mol À1 , 298 K) for the complexes formed between [2]rotaxane 5 and the different ammonium salts 3a-d determined in chloroform solution using ITC experiments
affinity and selectivity exhibited by 5 in the recognition of ClMTOA 3d directly derived from the better cation-receptor complementarity.
In non-polar solvents, anion binding by synthetic receptors is mainly dominated by the use of hydrogen-bonding interactions. The formation of hydrogen bonds with anions in nonpolar solvents is associated with a high enthalpy gain. In this line, Table 1 shows that for all the studied anions, the binding processes in chloroform solution are enthalpy driven and highly exothermic. Remarkably, the binding processes leading to complexes 3a35 and 3b35, with OCNTBA and NO 3 TBA, respectively, did not obey the enthalpy-entropy compensation principle. 30 Unexpectedly, we also determined that the formation of complexes with the chloride anion, 3c35 and 3d35, is not signicantly opposed by entropy. Taken in concert, these thermodynamic observations are quite signicant because the binding processes occur in a nonpolar solvent (chloroform) that minimizes solvation effects and better approximates to a gas phase host-guest complexation process. We are convinced that the use of ion-pairs as guest complicated the analysis of the enthalpic and entropic terms using a simplistic 1 : 1 binding process in the gas phase, where enthalpically more favourable interactions should led to thermodynamically more stable complexes. We concluded that the solvation/desolvation effects occurring during the binding processes are important and difficult to predict. This is related to the deep inclusion geometry of the anion and the separated binding mode of the ion-pair being present in the formed complexes. Nevertheless, the thermodynamic signatures of the complexation processes augur well for the application of the reported interlocked receptor 5 in the recognition of anions in aqueous media.
The assessment of the relative thermodynamic stabilities of ion-paired complexes formed with receptors featuring [2] pseudorotaxane and [2] rotaxane topology is complicated owing to their different stoichiometries (number of involved components). In our case, we considered that a sensible solution to address this problem would consist in determining the required amounts of salt that have to be added to 1 mM solutions of the supramolecular 1 : 1 ion-paired complexes, either with [2] rotaxane or [2] pseudorotaxane topologies, in order to induce the observation of higher stoichiometry complexes with respect to the salt, as well as the complete disassembly of the parent 1 : 1 complex (Fig. 4) . In other words, we were interested in forcing the replacement of the pyridine-N-oxide unit of the axle, which is ditopically bound to the macrocycle and the anion in the 1 : 1 complex, by a second ion-pair that will coordinate the cyclic component in a receptor separated binding mode (Fig. 4) . In this vein, we previously reported that macrocycle 1 coordinated ClMTOA through a non-cooperative process yielding a dimeric ion-paired aggregate (3d) 2 31. Both ion pairs were bound to the tetratopic macrocycle 1 and displayed receptor-separated binding geometry.
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In the case of the [2] pseudorotaxane complex 3d31$2b (1 mM), the addition of slightly more than 1 equiv. of the ClMTOA ion-pair induced the initial disassembly of the interlocked structure and the concomitant formation of higher order aggregates (i.e. (3d) 2 31 complex). The disassembly process was monitored using 1 H NMR spectroscopy by following the intensity changes of diagnostic proton signals of the two species that were involved in a slow chemical exchange on the proton chemical shi timescale (Fig. S33 †) . The proton signals corresponding to 3d31$2b, 1 : 1 complex with [2] pseudorotaxane topology, disappeared completely aer the addition of 2 equiv. of ClMTOA 3d. In contrast, in the mechanically locked 3d35 complex, even aer the addition 8 equiv. of ClMTOA ion-pair 3d we could observe the characteristic proton signals of the 1 : 1 complex with [2] rotaxane topology (Fig. S34 †) . These results suggested that the increase in local concentration of the pyridyl-N-oxide unit exerted by the mechanical bond of 5 provided a measurable thermodynamic stabilization to its ditopic interaction with one calix [4] pyrrole hemisphere of the cyclic component and the bound chloride. Nonetheless, the emergence of a new set of proton signals in the 1 H NMR spectrum of a 1 mM CDCl 3 of the 3d35 complex became evident aer addition of more than an extra equiv. of ClMTOA 3d. We assigned this new set of proton signals to a higher stoichiometry complex between 3d and 5 (i.e. 2 : 1) for which we have not fully determined its structure. Upon incremental addition of 3d, the new set of signals grew in intensity at the expenses of those assigned to the 3d35 complex.
Conclusions
In summary, we describe a synthetic methodology for the preparation of [2] rotaxane 5 in a remarkable 50% isolated yield. We conclude that the use of anion templation in the preparation of interlocked structures may limit the application of the CuACC reaction in the capping step. In our specic case, we found that the use of ion-pairs as templates for the quantitative self-assembly of the synthetic precursor displaying [2] pseudorotaxane topology was associated with two synthetic limitations: (a) difficulties in the isolation of the nal [2]rotaxane 5 free from the ion-pair used as template and (b) deactivation of the Cu(I) catalytic process employed to promote the CuAAC reaction in the capping step. In chloroform solution, [2] rotaxane 5 functioned as an efficient heteroditopic receptor for tetraalkylammonium salts, 3a-d, containing mono-(Cl À ) or polyatomic anions (NO 3 À or À OCN).
In all cases, we observed the formation of kinetically and thermodynamically stable 1 : 1 ion-paired complexes featuring cyclic-component separated binding mode. The determined K a values indicated that [2] rotaxane 5 was selective for the complexation of cyanate vs. chloride or nitrate if the anion precursors were TBA salts. This selectivity was attributed to the superior complementarity that existed between the cylindrical polar cavity of the interlocked receptor and the polyatomic linear geometry of the cyanate anion. Remarkably, the change of the TBA cation for MTOA in the chloride ion-pair produced an increase in binding affinity of almost three orders of magnitude. This result highlighted the functioning of 5 as a heteroditopic receptor for ion-pairs and supported the better t of the MTOA cation in the electron-rich and shallow cavity opposed to the bound anion that dened the cone conformation of the calix [4] pyrrole. Unfortunately, the accurate comparison of the thermodynamic stabilities of 1 : 1 ion paired complexes with receptors featuring [2] rotaxane and [2] pseudorotaxane topologies is challenging. In any case, we assigned a higher thermodynamic stability to the 1 : 1 ion-paired complexes resulting from the [2] rotaxane 5 receptor with respect to the ones derived from the assembled [2] pseudorotaxane counterpart. We based this conclusion on the salt's excess that is required to produce aggregates of higher stoichiometry (i.e. 2 : 1 complexes). We are aware that this reasoning is limited and does not take into account the difference in thermodynamic stability of the higher stoichiometry produced complexes.
The reported ndings augur well for the future application of water soluble analogues of [2] rotaxane 5 as effective anion receptors in aqueous media 6 and we expect to report on the issue in due time.
